Go ogle 



This is a digital copy of a book that was preserved for generations on Hbrary shelves before it was carefully scanned by Google as part of a project 
to make the world's books discoverable online. 

It has survived long enough for the copyright to expire and the book to enter the public domain. A public domain book is one that was never subject 
to copyright or whose legal copyright term has expired. Whether a book is in the public domain may vary country to country. Public domain books 
are our gateways to the past, representing a wealth of history, culture and knowledge that's often difficult to discover. 

Marks, notations and other marginalia present in the original volume will appear in this file - a reminder of this book's long journey from the 
publisher to a library and finally to you. 

Usage guidelines 

Google is proud to partner with libraries to digitize public domain materials and make them widely accessible. Public domain books belong to the 
public and we are merely their custodians. Nevertheless, this work is expensive, so in order to keep providing this resource, we have taken steps to 
prevent abuse by commercial parties, including placing technical restrictions on automated querying. 

We also ask that you: 

+ Make non- commercial use of the files We designed Google Book Search for use by individuals, and we request that you use these files for 
personal, non-commercial purposes. 

+ Refrain from automated querying Do not send automated queries of any sort to Google's system: If you are conducting research on machine 
translation, optical character recognition or other areas where access to a large amount of text is helpful, please contact us. We encourage the 
use of public domain materials for these purposes and may be able to help. 

+ Maintain attribution The Google "watermark" you see on each file is essential for informing people about this project and helping them find 
additional materials through Google Book Search. Please do not remove it. 

+ Keep it legal Whatever your use, remember that you are responsible for ensuring that what you are doing is legal. Do not assume that just 
because we believe a book is in the public domain for users in the United States, that the work is also in the public domain for users in other 
countries. Whether a book is still in copyright varies from country to country, and we can't offer guidance on whether any specific use of 
any specific book is allowed. Please do not assume that a book's appearance in Google Book Search means it can be used in any manner 
anywhere in the world. Copyright infringement liability can be quite severe. 

About Google Book Search 



Google's mission is to organize the world's information and to make it universally accessible and useful. Google Book Search helps readers 
discover the world's books while helping authors and publishers reach new audiences. You can search through the full text of this book on the web 

at http : / /books . google . com/ 



of the 

Tllnfm0fti? of Mf0con0tn 



Digitized by 



Google 



Digitized by 



Google 



ZEE EFFECT OF DIFEBRMT ES/LT TRBATUEHTS 
as XHB UBCHAVICAL FROFERTIBS OF STEBL YAHYIITG HT 
OARBOir COSTEirF 



ALLAH OHASE HcCULLODGH 

A ^Diesis Sulmltted for the Degree of 
BAOHBLOH OF SCIMGB 
Eleotrioal Engineering Course 



mnVERSITT OF WISCOBSIIT 
1918 




Digitized by 



Google 



1 



fASUi OF CCBrCEIITS 



mSROUOQTiaS • # page 2 

Umealioe ** 3 

Hardening ••••••••••• 5 

Tempering ••••••••••••••••• " 6 

USEHOD 9 

Ipparatns ••••••••••••••••• 10 

Material " 12 

Oeneral Operations • .... ....... ^ 14 

RBSULOB ABD OOUCLUSIOBS 17 

Per oent Hednotion of Area ........ ^ 18 

Per oent Elongation in 2 Inches ...... ^ 19 

Yield Point « 21 

TTltizDate Strength ............. ^ ZZ 

Repeated Stress - Cycles to Rupture 23 

Impaot - Bnergy of Riq[)ture ........ 24 

General Observations 25 

SUPPLBIBIIT 

Data* Ourves, and Results ^ 26 

Calibration, Data and Curres ^ 52 



Digitized by 



Digitized by 



Google 



2 



IVTBODUCTIOV 



Digitized by 



Digitized by 



Google 



3 



THE EFSECT OF DIFBBRBHT HSA.T TRBATMEHTS ON THE UECEANICAX 
PBQPERTIBS OF SIEBL 7AR7IHG IN GAHBQN COHTEHT 

Iira&ODPOTION 

lhat l8 known of the effeot of heat treatment on the meohanical 
properties of steel is very limited as eonpared with maiQr other subjects 
of engineering interest. One mi^t sagr that heat treatment processes are 
really in their infancy as far as an abundance of knowledge on the subject 
is concerned* However more is being dona today along this line than at any 
previous time due to the demands made by war conditions. 

The object of the tests for this thesis was to obtain data that would 
give a fairly conrprehens ive idea of the effect of different heat treatments 
on the mechanical preperties of steel varying in carbon content* It may be 
well before going any farther to consider some of the theoretical effects of 
heat treatment on steel • 
ABHBiLIlfQ 

First we shall consider the process of annealing steel. The annealing 
of steel may be performed for two reasons, first, to decrease the hardness of 
the steel in order that it may be more easily machined or Mechanically worked 
in some other way, and second, ^to secure a desirable combination of high 
strength and elastic limit with fktr ductility that it. msy successfully stand 
the strains to which it is subjected.** . 

The annealing process may be divided iAto three steps. First, the 
heating of the steel; second, maintaining it at a constant annealing tempera- 
ture; and third, cooling it slowly from this temperature to room temperature. 
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In heating the steel for the annealing prooees It Is necessary to get 
Its temperature up ahove the ciit leal range because In doing so the structure , 
:ftV0Q though coarse 9 Is obi Iterated , and^ for the time being* the metal 
assumes a nearly amorphous structure* 

The cosmlttee on Heat Treatment of the American Society of Testing 
Materials recommended the following ranges of temperatures for annealing 
processes • 

Baqge of Carbon Content Bange of Annealing Temperature 

Less than 0#12^ 875 to 925 deg. C 



The structural change produced by annealing at these temperatures Is 
due to the passage of the steel from that of a homogeheous solid tfolutldif 
to abrogate* of ferrlte and eementltB* Should the temperature of the steel 
remain below Its critical range a complete structural change would not take 
place and the annealing would be less effective* 

When the steel Is raised to the annealing temperature It should be 
held at this temperature long enou^ to assure a uniform heating of the 
piece throughout* The A* S* T* recommends an exposure of one hour for 
pieces twelve Inches thick* Larger pieces require a longer exposure* 

To obtalh the desired results it is necessary to cool the steel 
slowly from the above temperatures to the teiiyperature of the room* This 
rate of cooling* of coisrse* depends upon the properties that are desired in 
the steel* If it is desired to obtain a very soft and ductile steel at the 
expense of some strength* then the piece should be cooled slowly* If such 
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a hi^ degree of softness Is not desired and a greater strength is the object^ 
then the rate of cooling may be accelerated to meet the demands. 

She lower the carbon content the more rapidly may the steel be cooled 
without affecting the ductility appreciably* Large objects cool more slovdy 
than smaller ones so that it may be sufficient to allow these to cool in air^ 
^ile those of smaller cross section should have their rate of cooling con- 
siderably retarded lij allowing them to cool In a farnace under reduced heat* 

Saureur draws the following conclusions regarding the annealing of 
steel. He states that "'(llin annealing for softness and ductility steel should 
be heated slightly above its critical range and cooled slowly, as for instance 
with the fcimace in which it was heated, or for greater strength in air, (2) 
in annealing for strength and hl^ elastic limit combined with fair ductility 
as well as for resistance to wear, to shock, and to fatigue, steel should be 
heated to slightly above its critical range followed by cooling in water, or 
in oil according to the carbon content and requirements and reheated to seme 
500 to 650 deg. C# in accordance with the physical properties desired, the 
lower temperature yielding the greater strength but the less ductility*** 
HARlElTIiro 

Hardening consists 1^ raising the temperature of the steel above its 
thermal critical range and cooling suddenly or qusnching in water, oil, or 
other quenching media idiich absorbs heat rapidly* Quenching steel has the 
effect of int^reasing its hardness more especially as the carbon content 
increases* It also raises the elastic limit and tensil strength and reduces 
the ductility* It induces cooling strains and the metal is apt to be very 
brittle especially for steel of carbon content 0#50 per cent and above* To 
possess hardening power the steel must be in a condition of a solid solution 
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slnoe the aggregate of ferrlte and oementite formed on sltm cooling tbra the 
critical range can not be hardened Toy sudden cooling* 

Saurenr reccimneada that the quenohing tenperature should be some 20 
to 50 deg# 0* above the ko^ point in hardening* In heating the steel for 
hardening the teniperattire should be raised slowly enough to permit the steel 
to attain a unifonc temperatxare throughout and should not be too sudden* In 
conoercial practice* howerer, steel in put directly into a red hot furnace* 

As should naturally be expected* the structure of hardened steel is 
totally different from that ivhich has not been hardened* Before hardening 
the steel ccnsisted of an aggregate of ferrite and cenentite nhich* upon 
being heated thru its critical raz^* ^^vas conrerted Into a solid solution 
(austenite) of carbon or carbide in gamma iron* This was necessary to impart 
the hardening power* If the metal had been allowed to co6I slowly from this 
temperature thru its critical range it would have returned to its prerious 
condition of ferrite and cementite* If instead* it was cooled suddsnly* the 
time necessary for its transformation would have been too short* In the com- 
mercial hardening of stAel the cooling is not sudden enough to preTent at 
least a partial transformation of the austenite* not into ferrite and cemei>- 
tite* but into a more or less transitory form* marking the first step of that 
trans fomat ion and called ^martensite *** Tery frequently the rate of cooling 
is not sufficiently rapid to prevent the martensite from farther partial trans- 
formation into a second transition constituent known as ''troosite*** uartensite 
and troosite* then* are the ordinary constituents of commercially hardened 
Steele 

TMPERISQ OF EiRvmsM) STEEL 

Tetopering consists of reheating hardened steel to a temperature below 
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Its oritioal range for the purpose of restoring partially its dnctilitgr and 
softness. Tempering effects are first noticed at about 100 deg. C* and 
increase in intensity to about 600 deg« ^ere tbs steel once more assumes 
the characteristics of the normal untreated steel* Therefore the use to 
lAiich the steel is to be put governs the tempering temperature* According 
to Sauveury **lf it is desired to retain the greatest possible hardness* 
necessarily with its accompanying brittlenesst the steel should be reheated 
but slightly above 200 deg. C* as, for instance, in tempering razor blades 
Trihere extreme hardness is essential and brittleness relatively immaterial* 
If on the contrary, considerable tou^ness is indespensible, at the neoeasary 
sacrifice of some hardness the steel should be tempered to seme 300 deg« C* 
or even to a hi^er temperature* The great majority of tools are tempered 
between 200 and 300 deg* C*** 

The length of time the steels are held at the required temperature 
has some effect on their hardness aid. should be taken into account in the 
tendering operations* Hathews tempered three hardened pieces of the same 
steel in a salt bath at 422 deg* G# keeping them at that temperature 
respectively for 8, 20, and 40 minutes and obtained Brine U hardness numbers 
of 425, 390, and 340 respectively* 

After the desired tempering has been accomplished and it is desired 
to cool the steel, the rate at which this steel is cooled has little or no 
effect on the results* In piactice the piece is usually quenched for con- 
venience * 

The theories for the effect of tempering of steel are a bit compli- 
cated but it is enou{^ to state that hardexied steel is generally considered 
to be in an unstable condition and, therefore, tends to return to a more 
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stable form and aotttally tmdargoes this change ^enerer given an opportunity* 
lAien its temperature is raised* At atmospheric conditions the passage of an 
unstable martensitic condition into a more stable troositto or sorbitic is pre- 
Tented by the rigidity of the metal. TThen the metal is heated slightly the 
rigidity disappears and the trans foxmat ion takes place* The disappearance 
of this rigidity increases as the temperature is Increased and ihe greater is 
the tempering effect* Tempering is nothing more or less than the passing of 
an unstable state to a more stable state* 
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MBIIHOD 



APPARAOTS 

Ihe Ihermooofgples 

Two very Important pieces of apparatus nsed in these experiments were 
the thermocouples. All temperatures above 300 deg« C* were measured liy iron- 
advance thermocouples manuflactured l(y the Leeds and Northrup Company* 

These ootqples were calibrated against a platinom vs pt-lOjS rhodium 
couple as a standard* First it was necessary to calibrate this platinum 
couple • 

She equation for this coiple which coincides within 2 deg* C* with 
the graph of the ••m^f. temperature relation as determined by comparison 
with the gas therm aneter is given as: 



Here e is in microvolts or millivolts, t is in deg. C*, n and m are constants • 
The equation does not apply below 250 deg. C« because below this point the 
equation does not fit the gas thermoitoter comparison • 

From the equation it is seen that, in order to calibi'ate the thermo- 
couple, it is necessary to determine only two points on the curve and thus 
establish the constants n and m. The two points ta^en were bhe melting 
point of sine and the melting point of copper, 419 deg* 0. and 1083 deg* G« 
respectively. 

To determine these points the sine was melted in a crucible fuz^ce 
and the copper in a resistor furnace* When the metal was melted the couple 
was placed in a ftised quarts tube surrounded by a graphite one and inserted 



Log e z nLog t + Log m 
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into the molten znetal* The metal ivas then allowed to cool and readings of 
millivolts on a potentiometer and time were taken. Thos the data for the 
cooling onrre was obtained. A decided break in the curve is the melting 
point desired. This is the point where the temperature remains constant* 
From these millivolt readings and the Imown temperatures for them the constants 
of the equation may be obtained and a curve plotted idiich will enable one to 
determine the temperature for any e.m^f. developed by the couple* 

With this standard eouple the base metal coxples were calibrated* 
This was aocoiqDiished by inserting them both into a tube furnace and raising 
them both to the same temperature* !I3ie temperature can be read directly 
from the calibration curve of the standard oouple and the e«m*f* of the base 
couple corresponding can be plotted against this value. This calibration is 
a straight line and can be readily drawn after several points on it have been 
obtained 9 aw explained above. 

Potentiometers were used to read the millivolts developed liy the coift- 
ples. These instruments are mare accurate than millivoltmeters because they 
eliminate any error due to stray e.m.ftS, resistance of the leads, etc* 
THE roRlMLCES 

To heat the steel to the hi^er temperature two alundum tube fomaces 
wound with nichrome wire were used. Both tubes were 24 inches long, one 
tube being 2 inches in diameter and the other about 2 l/2 inches. These 
furnaces were momted on stools in a vertical position with the bottom of 
the furnace about 2 l/2 feet above the floor. The bottom ends of the fur- 
naces were fitted with pipe plugs and the upper ends were plugged with 
asbestos to prevent oxidation of the steel. 
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ffiE TBSTiro MAGHIBllS 

She tensile teste were made in a Biehle' lOOtOOO^poimd testing 
machine • 

In Uaese a Lewis Hajres eztensometer was used to dsteraine the yield 
point* This little instrument has a gage Imgth of 2 inches and is clasped 
directly to the test piece • Befere the yield point is reached the indicator 
on the dial roTOlves S divisions for every 1000 ponnds load, registered on 
the besB of the testing machine* As soon as the yield point is reached, 
the indicator starts to revolYe quite rapidly* This is a very accurate 
indication of the elastic limit of the steel being tested* 

The repeated stress tests were made in a Konmer^s Hepeated Stress 
Uachine* This machine was set to give the specimens a 3/8 inch deflection 
in either direction. 

The inqmct tests were made on a Hnssel Inqpact Llachine* This machine 
was set for a gage length of three inches. 

BATEBUL 



The steels used were all l/2-inch round specimens ^ich have a com- 
position as trolled of *14, *33, *529 •68, *80 to *90, aid 1*10 to 1*20 per- 
cent carbon respectively* (Hill analyses.) 

The tensile specimens were 10 inches long* 

The repeated stress specimms were 9 inches long and turned down to 
a few thousands over 3/8 inches in diameter before heat treating then ground 
to site afterward* 

The Impact specimens were 5 inches long* After they had been heat 
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trMt«d they were notohed in the oesfcer with a s/6A Inoh milling eutter to 
a depth that would leare .23 inches of mstal on the full side of the specimen* 
MB QUBMUiilTO MBBIiai 

Fron a thesis liy J* M* Oillet, 'IB, in which he inrestigated the effect 
of different water quenching medinms on the time rate of cooling of steel » the 
following obserrations were taken: 

(1) She rate of cooling of steel in hot water was materially increased 
over that in cold* 

(2) She results show that caastic lime and strong conmon salt solutiozB 
possess the greatest cooling power of azQr of the liquids tried , followed by 
dilute sulphuric acid solution s, and then by alcohol* 

(3) Viater appears to haye the lowest cooling power • 
The following considerations were tfbtained from Bull en: 

Pure water has a fairly constant quenching rate up to a temperature of 
lOO deg* F« lAiere it begins to fall* At 125 deg* F* the slope is rezy marked* 
Brine solutions have both a quicker rate of cooling and are more effective at 
higher temperatures than water* The temperature- time curve does not begin to 
fall off seriously until a temperature In the nei^borhood of 150 deg* F* is 
reached. 

Bollanreconinends oil quenching wherever it may be used* 

Water quenching increases the internal strain, but for low carbon 
steels and simple sections of hi^er carbon steels water may be used* 

In these experiments water was used for all the steels except the 
•90 and l«20yS carbons* This water was changed after evexy quenching and 
its teiperature thus maintained at about 8 deg* C* 

For these two high carbon steels Hou^ton^s Quenching and Tempering 
oil was used* This oil is extracted from the wool of sheep* The principle 
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features of this oil are, first, that it is free frem oxygen and all ingred- 
ients possessing a tendency to oocidlse or deeoDxpose, seoend, that it will 
produce tinifom hardness » that it withdraws the heat reasonably fast from 
ttar Aeely giving it a mazisnan too^mess and hardness, anl is easily remored 
from the work, third, it is absolutely free from moisture, and lastly it 
retains practically the same speed at temperatures varying fr on 50 to 250 
degrees 9Bthr* 

This oil was also used to temper the steels at 200 deg. G. 
To tamper the steels at SOO, and 400 deg* C« linotype mtal was used 
lAiich started to melt at about 260 deg* C* 

OBBCRAL OPERATIOBS 

qPBfCHIllg 

She steels were quenched from temperatures ?Aiich were 50 deg* C* 

above the - Aj^^ • ^1-2-3 ^ Iron^Carbon diagram as given in 



Bach specimen was grooved at the top to enable a sling of wire to 
be firmly attached to it. Common stove pipe wire was attached to this sling 
by idiich each specimen was suspended in the furnace* One fcimace accomodated 
f ive specimens lAiile the other could hold about seven or eight* The speci- 
mens were suspended at the center of each furnace and the thermocouple placed 
in the center of each famace. The plug which was inserted in the bottom of 
the fomaces was filled with r^sin inftiich, inhen it volatilised assisted in 
preventing the oxidation of the steel* The top of the famace was plugged 
ti^t with asbestos* 

The current to the famace was varied by an impedance coil connected 
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in serlw with tb« farnaoe windixig. fbe large faxnaoe todk a TnaxlTimin 
current of 90 amperes A# C« ivhile the other took 12 amperes* 

Wbem the desired temperature had been reached it was held constant 
for about tl^m minutes » then the bottom of the famace was opened and the 
wires holding the specimens cut allowing them to drop into the quenching 
medium in a vertical position* 

The advantage of this means of quenching them is that they have little 
or no chance to cool before they strike the oil or water » as it may be* 
The vertical quenching gives a uniform cooling to the specimen and eliminates 
possibilities of warping* 

When water was used to quench with it was changed after every quenching, 
mien oil was used the container was placed in a larger bucket and water cir- 
culated around the oil bucket to assist in keeping the oil as cool as possibK 

ATIWtti|LTWS 

In the anoaaling process the steel s were suspended in the furnaces as 
before and their temperature raised to the values prescribed by the A* S* T* 
M* Shey were maintained at this temperature long enou^ to allow a uniform 
heating of all thd spectaiens and then allowed to cool slowly in the furnace 
by gradually decreasing the current thru the winding. 

To draw the steels at 200 deg* C* the oil bath was used* The oil was 
placed in a cast iron container in the bottom of ivhich shims were provided 
to keep the steel off the bottom of the kettle* This kettle was heated with 
two Heker burners and the temperature of the oil read with a mercury ther- 
mometer* After the steel in the bath had reached the desired temperature 
it was maintained at this temperature for a period of fifteen minutes, as 
was done in all the other tempering operations. 
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in attempt nas made to use this oil bath to draw the specimens at 
300 deg. C* but had to be abandoned dne to the f)act that the flash point of 
the oil was reaohed at Jnst this point and the bath started to bom* 

for temperatures of SOD and 400 deg. the linotype metal bath was 
used. This metal melted at about 260 deg* C* To obtain the desired tem- 
perature four Uveker' burners were neoessary* It was in^ossible with the 
heating facilities at hand to obtain a temperature of 600 deg* with this 
lead bath. Beoause of this the electric famace had to be used* 

In using both the oil and lead baths an iron red was provided to ag^ 
itate the bath and thus maintain a constant temperature in all parts of it. 
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RBSDLIS AHD OOTOEPSIOHS 



DISCPSSIOIT OF CUhVia 

Per cent Reduction of Area 

Theae enrree were plotted from the arerage results of the tensil tests* 
Oenerally speaking we see an approaota to the ntnoal ourre liy the curres for 
the annealed, tempered at 400 and 600 deg« C» specimens* The 300 deg« curre 
drops below these and the 200 deg«belowtlB SOO. Vtie hardened curve Is the low- 
eat » showing that the ductility of the steels Is Increased the greater the 
amount of hardness that Is drawn from them. 

How we shall consider these curves more in detail* One peculiar fea- 
ture about the curve for the normal specimens Is that It shosrs a decrease in 
ductility in the steel as the carbon content is Increased up to •SS carbon 
and an increase after that to the high carbon steels. This is also the case 
for the annealed and 600 deg. treatments. There is a contlnaal drop fcr the 
4U0 deg. treatmenby but for the 300 deg. curve this rise cones at the .90 
point carbon mark. This affect was not shown in the harder steels becaise 
they were not taken above .66 carbon although at this point a drop In duc- 
tility is seen. These da terminations for the hardened treatment are a bit 
obscure due to the great hardness of the specimens. 

It is hard to find an explanation for this point for it mi^t result 
from several catises. We mi^t draw our conclusions from the following ob- 
servations. This .66 steel is a hypo-eutectold steel in the alpha region 
idiich when allowed to cool below the critical rangOv as the annealed and 
normal specimens « contefas quite a bit of pearlite and some ferrite. The 
hi^r carbons contain no ferrite but some cemezibite. The ^90 carbon is 
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a auteotoid steel containing only pearlite* It may be the effect of this 
small percentage of ferrite that caises this decrease in the ductility* 

For the lower carbons » •14^ and »33^ carbon annealing seems to reduce 
the ductility slightly* For the .52% carbon the ductility is increased irtiile 
at the 9^6 % carbon the ductility is as noxnal* For the higher cazbons the 
ductili-fy is considerably less* From these results we see that annealing pro- 
duces the greatest ductility on steels varying in carbon content from .33^ 

to .ee^. 

For hardened steel the ductili*^ is greatly decreased and this decrease 
is more evident for the higher carbon steels* 

When the steels are drawn at 200 deg* the ductility is* of course, 
increased slightly* Steels of carbon content less thaii *80$S drawn at 400 deg* 
seem to ]^ave greater ductility than the normal steels and less for those of 
higher carbon content* 

The 300 deg* curve is lower than the normal and hi^er than the 200 
deg* one as should be expected* 

The percent reduction in area determinations are not as good criterions 
Of ductility as the per cent elongationrdeterminaibions for the simple reason 
that the reduced cross section can not be as readily measured as the elongai- 
tion of the specimen* We shall now consider the results obtained for the per 
cent elongation curres* 
Per Pent Elongation In 2^ Inches 

Here we see a very decided approach to the normal by the annealed 
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and 600 deg* ourTM, especially up to •68j( oarbon. After this the annealed 
curre drops considerably below the noxmal ^ile the 600 deg* carve continnes 
near the normal cnrYe to •9(^carbon ivhere it drops below* This shows that 
there is a rery slight decreoate in the per cent elongation and thus the 
ductility for annealed specimens az^d specimens drawn at 600 deg* C* below ths 
normal up to •68^ carbon. Above this the ductility decreases • 

One peculiar thing aboub this is that one would expect a considsrable 
increase in ductility in the annealed specimens orer the normal specimens* 
I can only account for this from the fact that the steels mi^t hasre been 
cooled too rapidly in the furnace although every means was taken to prevent 



Ihe other four carves follow results as should be expected • The 400 
deg« curve dropping below the 600 deg*9 the 300 deg* below thatv and the 
200 deg* and hardened curves being still lower^ the curve for the hardened 
specimens being the lowest, in fact showing sero per cenb elongation at .6B 
carbon* 

In these curves we see the sams drop at .es^arbon as was observed 
in the reduction in area determinations* Another explanation for this ani 
perhaps mors correct than was previously offered is the fact that these 
steels were quenched in water* ITo cracks due to hardening strains were 
noticed In the fractures in these tensile test specimens bat such cracks 
ivere noticed in the repeated stress specimew* This showed tlat hardening 
strains had been set up in these steels due to quenching them in water, 
and that they should have been quenched in oil* These hardening strains 
undotft)tedly acted to decrease tfas ductility of the steel. 

In general then we can state that amealed steels should theoret- 
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ioally 6K06ed the duotility of nonsal steels ezoept for the higher oarhons, 
that treatment at 600 deg. C« bringa the steel very nearly haOk to normal 
daotilityt this fact being meet erident up to the eutectoid pointy •90jC 
carbon. Hie hardened specimene are very low in daotilityt but as the tem^ 
perature at ^ich they are drawn is increased the per cent elongation* and 
thus the daotilityt increases accordingly* 
Yield Point 

Shese curyes giro very good ideas of the effect of heat treatment on 
the steels* She curyes for the hardened spedmen and for the specimens 
drawn at 200 dag* may Just as well be disregarded as it was very difficult 
to obtain a defiiiite yield point on these specimens* 

As would be expected the annealed specimens show a smaller yield point 
than the normal specimens up to •B0% carbont above this the yield seems to be 
nearly as high as that f cr the specimens drawn at 300 and 400 deg« 

Again we see the approaxsh to the nomal of the 600 deg* curve t 
especially up to •90% carbon. Above this the yield is increased. 

There seems to be some discrepency between the 500 deg* and the 400 
deg* curve. The treatment at 300 deg* gives a smaller yield point than at 
400 deg. for ai^ steel. This apparently disagrees with the general theory 
that the more hardness that is drawn from the steel the less will be the 
yield point. Assuming this to be true oar only explanation for this error 
is that there was a mistake in properly numbering the specimens for the two 
heat treatments. 

On the other hand this may be a phenomenon of steels above .52^ 
carbon. The 400 deg. treatment may Just modify the austenitic and marten- 
sitic structure to caise a greater tenacity of the crystals and thus cause 
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an inorease in the yield point* 

In general we can say that the yield point of hardened steels ie 
oonaiderahly higher than that for normal steels and that as this hardness 
is drawn the yield gradually approaches the conditions of the nomal steel 
as rolled • The annealing process tends to still farther reduce the yield 
below that of normal for steels up to •68ji carbon* aboTO which the yield 
increases • 
Ultimate Strength 

In these ctmres we see, as in the crtryes for the yield point * that 
the annealed specimens drop below the noxmal ones in xdtlmate strengths for 
steels up to •90^ carbout above ^ich their ultimate is increased • 

She approach of the 600 deg. curve to the normal is eyident here but 
not as much so as in the other properties of the steel • Ihese specimens 
show slightly less ultimate strength than the normal specimsns up to •90j^ 
carbon above which their ultimate is higher « 

Ihe same c ondlt ion exists between the 400 and 300 deg* curves as did 
for the yield point* That iSf ths treatmsnt at 400 deg« seems to give 
greater ultimate strei^th than that at 300 deg* The same explanations hold 
as in the yield point determinations* However it might be added tlat a 
further proof that the 300 deg* curve should drop below the 400 deg* curve 
is that the ultimate strength of the hardened specimen is less than the 
specimen drawn at 300 deg* C» for the mSG^ carbon* 

The ultimate strezeth of the hardeiBd specimons seezns to greatly 
exceed the other treatments as would be expected* Some difficulty was 
experienced in pulling these specimens as they persisted in slipping in 
the grips* 
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Tempering the speolmens at 200 deg* deoreased the nltlmate sll^tly 
below that of the hardened steels. This treatment hae the greatest effect on 
the lowr oarbon steels and tar this reason none of the higher oarben steels 
were treated in this way. 

Oenerally speaMng the ultimate strength of steel of varying carbon 
content is greatly increased by hardening it* This ultimate strength grad- 
ually decreases as the hardness is drawn from the metal by heating to the 
Tarlous tenpenLtnrest until it finally nears its original condition when 
drawn at 600 deg. C* and drops below its normal strength when amealed. 
Repeated stress - Cycles to Rupture 

The cycles to rupture plotted for these cunres are very good crit- 
erions of the ability of steel to resist repeated stresses. Abundant data 
along this line is more or less deficient so these curves are particularly 
interesting. 

The only treatment ^ich produces greater resistance to repeated 
stresses than the normal steel is the annealing treatment of the low car- 
bon steels up to ♦52jS carbon. Beyond these steels annealing produces a 
less resistance to repeated stress. Here we see that treatment at 600 deg. 
C. does not produce the same effect as it did on the other properties of 
the steel t that is^ it did not approach the noimal specimens but rather 
drop considerably below them. HftvertiiaUjto it is seen to follow the general 
direction of the nomal curve • 

Treatment at 400 and 300 deg. C# did not produce much variation in 
this property of the steel from the results at 600 deg. 

As was expected, the hardened specimens offered the least resistence 
to repeated stress lAiile drawing at 200 deg. had very little effect on the 
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•14 and .33 carbon ateela. 

Sha resnlta of thaaa taata ara baaaa for oboioa of atael anA heat 
traatnoant for making loeoaotiya roda^ oruahar Jarot antomobila azlaa^ and 
any maohina parta itiioh are aubjaot to roTeraal of atreaa. 

One thing ima partiotilarly natioaahle in these teata )vhich vaa not 
obaarvad in asy of the othv teata and that ima the affect of vatar quanch«- 
ing on the •6&^ carbon atael* Vaarly cTary apacimen showed considerable 
craving dae to the seyere strains set up in hardening* !Chia fact ahows that 
steel much above %5b or mSOfi carbon should not be quenched in nater, but 
should be quenched in oil* 
Impact Tests - Bnergr o f Bapture 

!I!he energy of rupture as obtained from the results of the impact tests 
is a measure of the tou^mess of a steel* 

Ihe plotted results of this test are rery interesting* Above •62^ 
carbon we see that normal steel as it comes from the rolls is the toughest* 
Above this percentage of carbon content the steels drawn at 600* 40O« and 
300 deg« Of are tougher than the nonnalt their respective tou^iness as being 
in the oner Just stated* 

Azinealing acparently does not toughen steel but rather decreases its 
tou^mess up to *68j( carbon and does not change it materially above this 
amount of carbon* 

Ihe •52^arbon steel drawn at 300 deg*« the Steele hardened and those 
drawn at 200 deg* hare a relatively low toughness* The two tempering pro- 
cesses vary but little from the hardened specimens* 

The tou^^ess of the steels for every heat treatment decreases rapidly 
to about •SOjS carbon* The hi^er carbon steels showed relatively little change 
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in the toaghness for tbe different heat treatments* Ihia shows that the 
tougher the steels when nonnal the greater the effect of heat treatment on 
that toi3ie^ess« 
general Observations 

From the ahoTS considerations we may make a few brief summaries of 
the interesting points that were brought out in these tests* 

First in regard to the annealed specimens. They all show less strenglii 
than normal steel below m90f> carbon and an increase above that point • The 
ductility of the steel is always less for this heat treatment on steels 
above •90j( carbon* the yield point and tiLtimate strength are always greater 
for steels of the higher carbon content. 

The steels treated at 600 deg. C« have properties that tend to 
approach the nonnal preperties of the steel. 

The J90^ carbon steel is at the eutectoid point below which in the 
iron-carbon diagram we have austenite above the critical range with pearlite 
and ferrite below the critical range. For steels above this eutectoid point 
we have cement ite above the critical range with cementite and pearlite below 
the critical range. At this eutectoid point all of the physical properties 
showed a transition or reversal for the nozmal and annealed specimens and 
those drawn at 600^0 » ^ich phenomenon may be accounted for by the differ- 
ence in the constituents of the steel below and above this eutectoid point. 

Maigr of the points investigated were not new but the results afford 
a very good reference for the effect of these various heat treatments on 
the mechanical properties of steel varying in carbon content. 37 reference 
to the curves giving the effect on the ductilityt strength, resistance to 
repeated stresses t and toughness , the heat treatment for a given stjeel for 
any desired results may be chosen* 
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ZEHSILB TEST 



STEBL maUAL - AS BOLLED 



% carbon 


«14 


•US 


• 4Mv 


.68 


,80- .90 


1.10-1.2 


Mark or number AUbfi 






niA2 






Bimanslons of 


• 500 


«A97 


•*# f 


•▲9fl 


.510 
•uxv 


•516 

• UXw 


cro88 seotion 


•502 


•TV 7 I 


•4.94 


• ^7m 


• RIO 

• wXV 


•516 

• wXw 


Load at ylald 


7490 


06 f w 




10900 




ft170 

ox f V 


poin« 


OAAA 




1M7R 


10fi9R 




d745 


Load at 


10810 








15330 


1 Rfi50 


xutiinato 


llOoO 




xouuv 


90A7R 


1 A7A0 
xw r ov 


15830 


sxongation m 




2.74 


2^62 


M •«Jw 


2.64 


2^65 


2 inebos 


2*90 


P ^7S 


? .AO 


9 ^4A 


A •WV 


? -.65 

i& •wV 


Blmenalons of 


.296 




• <L/<L/7 


•1r«/X 




•3RA 

• OOw 


red. or 088 eee. 


.296 


•328 


•405 


.399 


•356 


.353 


Area of cross 


.2003 


>19A0 


• XT^w 


^1 94fl 


.P043 




seotion 


.1979 


.1940 


.1917 


.1901 


.2093 


.2091 


Area of reduced 


.06881 


.0825 


.0903 


.1459 


.1152 


.1007 


cross sec* 


.06881 


.0845 


.1288 


.1250 


.0995 


.0979 


Per Cent redacttn 


65.5 


57.4 


53.3 


25.1 


43.6 


51.8 


of area 


65.2 


56.4 


32.8 


34.2 


51.1 


53.2 


Per cent elonga- 


48 


37 


31 


19 


32 


32.5 


tion in 2 in. 


45 


36.5 


30 


23 


33 


32.5 


Itait stress at 


37320 


42700 


53500 


56300 


41400 


59100 


yield point #/sq.fti. 


40400 


44100 


54200 


57200 




41800 


Dhit stress at ul- 


53800 


68700 


85100 


107200 


75000 


75700 


timate #/sq#in« 


55850 


69800 


86000 


109800 


81800 


75700 


Character of 


Half 


Bagged 


Ragged 


Ra^d 


Perfeot 


Fringed 


fracture 


C.&C. 






Bat Flat 


C.&0. 


Bat Flat 



BSKARXS: C2 Broke on priclc punch mark. 
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TEBSILB !rBST 



STEEL ABNEiLSD 
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Jm30b% 


D09b% 


i/UDSIlB 1 villi UX 




• OW f 
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JjQflUJi Sv yx9XGl 
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xuoou 








Vl AVt MA ^ 4 AM 4 «■ 

jsxQZij^vioji in 




f f 








J im^Tiii 1 ona or 






TmJim OrOoB 860* 


•OOD 








9A1 Q 
•i6WX7 


sootion 






Area of reduced 


•0634 


.0892 


cross 860 « 


•1164 




Per oent reduction 


68^3 


55.8 


of area 


42.2 




Per cent elongation 


49 


35.7 


in 2 in. 


42 «5 




Itait stress at 


28750 


28700 


yield point 


25320 




Unit stress at 


46100 


53700 


ultimate 


45200 




Character of 


Half 


Ragged 


fracture 







•52 


•68 


A A A/\ 

•80>-^90 


H ^ A ^ AA 

lttlO-1 ^20 


03&4 




E3&4 


PSft4 


•500 


BAA 

•502 


•510 


•517 


•503 


fl* AA 

•502 


•518 


•516 




7000 


4 A PA 

11250 


13520 


8680 


6880 


4 M AAA 

14890 


4 A0 

15495 




15940 


19300 


18420 


13265 


15740 


20050 


A AH A A 

20700 




2^45 


A A 1* 

2^25 


2^40 


2 •56 


2^44 


2^35 


A M If 

2^45 




•434 


M AMi 

•427 


•397 


•320 


•420 


•445 


•411 


• X7D«> 


• X7 r 7 




• ^U77 


.1987 


.1979 


.2107 


.2091 




.U79 


.1432 


.1238 


.0804 


.1385 


.1555 


.1327 




25.3 


29.9 


41.0 


59.6 


30.0 


26.2 


36.6 




22 .5 


12.5 


20 


28 


22.0 


17.5 


22.5 




36400 


54800 


64500 


43700 


3480Q 


70600 


74000 




80500 


94200 


87700 


66700 


79600 


95200 


99200 


Bagged 


Ragged 


Flat 


Tlab 



BBKiBESt B3 Brolce in grips • Pulled again and second value taken • 
P|j » ft » 

])^ n n If 
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XBBILB TBST 



SZBBL - mkm AT 20000 (5&6) AT 400^0 (7ft8) 







.558 
•%w 




•oo 


«AA.^QO 


X .xu**x •x 


UiD-tOt at* vmml^Ai* 










V7JLA 

JBffCCO 




i^UDPIUi xUHB vX 


•ouo 


•49 O 


•49D 


AQA 
•470 


.ROA 
•ouo 


R1 A 
•oxo 


AT*AAA AAA^4 MVl 


•4941 


• OUw 


•490 


•4*70 


.R1 1 
•oxx 


• OXD 








64XXV 




QOOO 


XOOXw 


AAA V 




X f «l4w 


2AA2R 

Ai44AO 


X f wOv 


X4/W<L/W 






1 QQ9A 


W9Rn 

O riSOU 






xooxu 


9RA70 






6%XOv 


^ f O r O 


9RAOO 


9AORO 


PAP'J^A 
iG4iGOO 


V1 ATI AM ^ 4 MM 4 T% 

AXvQ^BvXQZa IZa 


A •CO 


9 a^ 


•OU 


P 9R 


A •OO 


9 ^PA 

A •mO 


A xnoiiOo 




9 lA 
^^•X% 


9 

•OU 


9 9V 


9 9A 


9 %f\ 
<f •OU 






•40 f 


<XRR 
• ODD 


• 009 


• 00«r 


AA^ 
•400 


AT*AaA AAA 

wX^OBo BBw • 


UO 
• 007 


•4X4 


•ooo 


•4DlG 


.AAA 
•444 




AX^Bcl 01 OPOBB 






1 0*3(9 
• X74MS 


1 QAA 


901 1 


91 07 


soot ion 


1 09A 


#X7o7 




1 09A 


90R1 


9001 
•iGU^X 


ATM f redacod 


•1104 


•1863 


•0990 


•1188 


•1069 


.1684 


0r088 800* 


•0903 


•1346 


•1064 


•1676 


•1548 


.1359 


Per o«nt redaotion 


45^1 


22.2 


48.7 


39.0 


46.8 


20.1 


of aroa 


53.0 


32^30 


44.7 


12^9 


24.6 


35.0 


For oont olongation 


17.5 




15 


12.5 


32^5 


14.0 


in 2 in. 


17.0 


7.0 


15 


11.5 


14.0 


15.0 


Unit 8tre88 at 


58300 


77000 


124700 


116500 


44800 


77300 


yiold point 


55800 


87300 


127000 


88700 


66500 




Thit stress at 


98300 


132800 


145200 


155000 


81200 


121000 


ultimate 


82900 


121700 


142000 


132000 


117200 


116000 


Character of 


Half 


C.&C. 


Half 


Ragged 


Flat 


Flat 


fracture 


C.&C. 




C.&C. 


Bat Flat 




Radial 














Lines 



BSMiRESt 1)7 Broke in grips. 

Be Broke Jnst next to gripe on prick punch mark« 
F7 Br idee in gr^s on prick punch mailc. 
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SBBSUiB fSST 



3ZEEL mkHS AS 300*0 



JO VOUTD in 




• oo 




1 *10— 
X • Xw*". 








atobxu 


HiQJtlO 
rTttXU 


1/ JJJJOZIB X HUB UX 




•%«^ 1 




•«>xo 


vX^in* B9ww iiUtZl 




•%«7 f 


• £>UO 


•UXO 






XXXx9 




XU f Xv 








xxuvu 






OOUvv 




XIA/4U 


9A7AO 




iDfD 




999QO 


'3(AARO 






6 •XO 


P ^7K 


1^ • X r 






2 •X% 


9 90 


9 9Q 


iwDBiiBioiiB or 


•ooo 






Ron 


T*Afi AT*Aa fl AAA 




.AA9 


•^O0 




A~ VCk SfOO 


• 1924 


•1940 


.2059 


.2091 


section 


•1917 


•1940 


•2003 


.2067 


Area of redoeed 


•1152 


•1765 


•0835 


.1963 


or 08 8 880 # 


•1419 


•1534 


•1684 


.1282 


Per cent redaction 


40*1 


9.02 


59.0 


6.12 


of area 


26 .0 


20^9 


15.7 


37.90 


Per cent elongation 


11 


6^5 


37^5 


8.5 


in 2 in. 


11 


7*0 


10.0 


14.S 


Unit etrese at 


111500 


57300 


6010 


75200 


yield point 


88300 


70300 


54800 


114000 


Uhit etrees at 


171300 


119200 


73200 


127800 


nltimate 


143800 


140000 


111000 


176500 


Cb€a*acter of 


Half 


Plat 


Itagged 


n&x 


fracture 








Ragged 



BBHLBESt C9 Broloe near grips. Slipped in grips. Heading maor be hi^. 
D9 Broke on a pri6k panch mark. 
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S!ISEL mkWS AT 60(fiG 






% Carbon 


.14 


.33 


llafk or nambor 


A1U12 


B11&12 


Dimensions of cross 


.503 


.499 


section 


.501 


.503 


Load at yield 


6765 


10355 


point 


7881 


10165 


Load at ultimate 


10422 


12875 




10560 


13170 


Elongation in 


2.84 


2.65 


2 inches 


2.78 


2.68 


Dimensions of 


.277 


.367 


red. Or OSS sec. 


.379 


.317 


Area of cross 


.1987 


.1956 


section 


.1971 


.1987 


Area of reduced 


.0603 


•1058 


cross sec. 


.1128 


.0789 


Per cent redaction 


69.7 


45.9 


of area 


42.7 


60.2 


Per cent elongation 


42 


32.5 


in 2 in. 


39 


34.0 


TJtait stress at 


34000 


52900 


yield point 


40000 


51200 


Ubit stress at 


52400 


65700 


nit imate 


53500 


66200 


Qbaracter of 


Half 


Bagged 


fracture 


C.&C. 





.52 .68 .80-. 90 1.10-1.20 



D11&12 


D11&12 


B11&12 


F11&12 


.510 


.493 


.518 


.519 


.497 


.499 


.505 


.512 


11670 


12580 


8390 


13800 


11210 


11180 


9680 


13575 


15925 


16540 


15400 


19050 


15815 


17055 


16390 


18865 


2.59 


2.46 


2.70 


2.39 


2.64 


2.35 


2.56 


2.36 


.359 


.386 


.398 


.382 


.318 


.392 


.331 


.375 


.2093 


.1909 


.2107 


.2116 


.1940 


.1956 


.2003 


.2059 


.1012 


.1170 


.1244 


.1146 


.0794 


.1207 


.0861 


.1104 


50.3 


38.7 


40.9 


45.8 


59.0 


38.3 


51.8 


46.3 


29.5 


23 


35.0 


19.6 


27.0 


17.5 


28.0 


18.0 


56900 


65800 


39800 


66200 


57700 


57200 


49300 


65800 


77800 


86700 


73000 


900OO 


81500 


87100 


81600 


91500 


7/8 


Ragged 


nat 


Flat 



REUAHES: kn Broke in grips* 

Bll Broke on one of prick panch marks. 

^11 ^^^^ ^ grips* Prick punch loark caused weakening* 

?12 Broke in grips. 

T>IZ Broke on prick punch mark* 
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SBHSIUS TEST 



SI!EEL HARASSED 



4% (SaplMin 




.as 






ifftTfr or number 






C1S&14 


JwXWX^ 


DlmAnfllonfl 0^ 


.500 


•503 


•499 


•503 


cross ssction 


•508 


•499 


•503 


•494 

•tP 


Load at 7idld 


14810 


16900 


20780 




point 


19850 


15050 

* Www 


17750 

All wW 




Load at ultimate 


18200 


35660 


33980 






21720 


25990 


31600 


M W 


Slongation in 


2.15 


2*00 






2 inches 


2,27 




2.12 


2-00 

M eww 


Dimensions of 


.449 


•498 


•485 




red* cross sec* 


.389 


•440 


•476 


•485 


Area of cross 


.1963 


•1987 


•1956 


^1987 
• x70 r 


section 


.2027 


.1956 


• 1987 

• X^ W 1 


• 1917 

• X^ X I 


Area of reduced 


.1583 


.1948 


.1847 




cross sec* 


.1188 


.1521 


.1780 


.1847 


Per cent redaction 17 • 8 


1.96 


5.57 




of area 


41.0 


3.57 


10.40 


3.52 


Per cent elonga- 


7.5 









tion in 2 in« 


13.5 


2.0 


6.0 





Thit stress at 


75400 


85000 


106000 




yield point 


97900 


105200 


89300 




Hait stress at 


92600 


179500 


173500 




ultimate 


1070QO 


192800 


159000 


116800 


Character of 


Very 


7ery 


Flat 


Flat 


fracture 


Bagged 


Ragged 







BBIABES: First A14 hrcAce in grip 1** from end - no reading « pulled again 
and reading tsken. Tield indistinct* 

Dl4 Broke twiae in grips. 

Ai3 Brcjfce in grips. 

0i4 w ft ft 

Dl3 Toohard to hold in grips. 

The yield on all these specimens is very uncertain. 
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ZBBSIL IBST 

AVERAGB BESULTS 





Treat- A 


B 


C 


B 


B 


P 


nent 




•33 


•52 


.68 


.80-. 90 


1.10< 


yb Hsctaoxion or 
















Area 




65 


56«9 


43 .0 


28.1 


47.3 


52.6 




V* A 

«Mb4 


55 aS 


55*8 


59 #6 


27.6 


28.0 


38.8 






il O A 

49*0 


27 #3 










n 


7&8 






46*7 


89.0 


35.7 


35.0 










33.0 


20.9 


16.7 


22.0 


ft 




56 •£ 


53*0 


54.6 


38.5 


46.3 


46.0 


•t 






2*76 


7.96 


S.52 






)b siongsitioii in 
















2 Inches 




46 #5 


36 #7 


30.5 


21.0 


32.5 


32.6 




aft* 




35.7 


28 


22.3 


16.0 


21.3 


n 


Mb 


17 


7.0 










11 


7ft8 






15 .0 


12.0 


14.0 


14.6 


1^ 


SftlO 






11 


6.8 


10.0 


16.5 


It 


1U12 


40«5 


S .3 


28.3 


20.3 


31.6 


18.7 


It 


1S&14 


10 »5 


1.0 


6.0 









Uhit Stress at 
















Tield #/sq. in. 


U2 


38t860 


43400 


53850 


56750 


41400 


40450 


m 




270 35 


26700 


43700 


35600 


7060O 


74000 


n 


5&6 


57050 


62150 










n 


7&e 






126850 


104600 


66500 


77300 


It 


9ft 10 






9990O 


63800 


57450 


75200 


It 


370O0 


52050 


57300 


61500 


42650 


65500 


It 


18&14 66650 


95100 


87650 








Ibit stress at 
















Ultiioate #/8q.in*lJb2 


54825 


69250 


85550 


108500 


78400 


75700 


ft 


3&4 


45650 


53700 


66700 


80050 


9470O 


93450 


m 


5&6 


90600 


127250 










n 


7&8 






143600 


143500 


117200 


118600 


m 


dfclO 






157560 


129600 


111000 


127800 


n 


lUbl2 


52950 


65950 


79650 


86900 


77300 


90760 


It 


13&14 9980a 


166150 


166250 


116800 
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BEFBiTBD SIfiSSS Mli 



% Carbon 






.14 




.33 


.62 








A 




B 




C 






Initial 


Final 


Initial 


Final 


Initial 


Final 






47563 


48345 


38728 


39410 


56267 


56858 


Vonoal 


1 


46350 


48927 


39410 


40U1 


56668 


57425 






34502 


35225 


61345 


62067 


73895 


74247 


ft 


2 


36227 


35606 


62070 


62815 


74250 


74630 






50324 


51060 


74634 


75540 


36932 


37363 


Azmealed 


3 


51060 


51655 


75562 


76468 


37387 


37774 






43507 


44345 


77710 


78649 


48928 


49435 


N 


4 


44345 


45240 


78650 


79567 


49441 


49847 






65967 


66490 


60275 


60675 


, 




■Dram, at 2000C 5 


66492 


67040 








^ SM 






200^0 6 


57426 


57635 


67043 


67220 


- . . 




•» » 


57643 


57603 


67220 


67515 


— ,1 t 






SOOOC 9 














54623 


54930 


n •* 




— 


— — - 





54935 


55270 




300*0 » 


— 










65016 


85364 


It It 


— — - 










65385 


85760 




400'>C 7 







— 





52952 


53235 


ft It 










53241 


53610 




400*0 8 










80240 


80670 


It It 










60672 


80986 




600*0 U 


51658 


52440 


40923 


41327 


64231 


64637 


It 1* 


52441 


52950 


41327 


41736 


64640 


65057 




600*0 12 


56378 


58990 


37810 


38234 


42644 


43053 


1* It 


58994 


59695 


38236 


38725 


43053 


43505 


Ear dene d 


13 


55862 


56040. 


68810 


69009 










56040 


56264 


69014 


69065 










40142 


40478 


70682 


71065 






It 


14 40479 


40923 


71068 


71403 







BEHABESt Specimens seem fine grained near point of break • 
Cg Broke suddenly • 
B5 Broke 1** from chnok* 
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BEFEATED STHESS MTA, 

% Carbon .68 .80—90 1.10-1.20 

B E F 







Initial 


Final 


Initial 


THm.1 


Initial 


Tinal 






33490 


33990 


f Cf\J\J f 




0U90 f 


OX%4& r 


Vormal 


1 


33996 


34500 




f %JCt%J 1 




AlQn7 

OX7v f 






76490 


77052 










It 


z 


77066 


77710 








%QUX4^ 






79568 


80129 








UOXOv 


mnealed 


3 
























7«Ron 

r wOOV/ 






It 


4 


68157 


68645 


73581 


73890 


46365 


46829 










83310 


83735 


60674 


60880 


Drann at SOO^C 9 


Broken 


83741 


84115 


60883 


61343 






67622 


67775 


65059 


65444 


63463 


63798 


N N 


3000c 10 


67780 


68090 


65448 


65963 


63799 


64225 






BrOkan 


69086 


69570 


41746 


42284 


tt It 


4000C 7 






69581 


69825 


42285 


42625 






85761 


86106 


46830 


47209 


69830 


70165 


M W 


400^0 8 


86105 


86415 


47211 


47560 


7Q168 


70680 






49849 


50022 


84119 


84550 


55276 


55535 


ft n 


6000C 11 


50022 


50323 


84550 


85016 


55538 


55820 






53613 


53925 


8S478 


82870 


71407 


71745 


It N 


eoo^c 12 


53927 


69213 


82870 


83307 


71745 


72005 



RKWAHKSt broke well above ohuok. 
P2 " 1/4 

Sll Apparent hardening strains caused longitudinal crao^ (only one 

end) 

Dl2 w ft ft If » » (both ends) 

DlO ft ft If ft If If (one end) 

" » » w ft If (one end) 

Pg tf tf If If If tf (one end) 
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RSPBATED STRESS TESTS 



CIOU93 TO HnPTDIOS t CEmCTER OF StACTURE 



% Oarbon 



Normal 



Ajmaaled 

N 



Read 

782 
577 
723 
579 
736 
795 
838 
895 
528 
548 
209 
160 
582 
509 
612 

600^0 681 
178 
224 
336 
444 



Hrvm at 200<>C 
• n 200^0 
» •» 600^0 



Hardemd 



▲ 

.14 

nraottore 

Cyoles Are (Flgtires gl^ 

distance of ridge 
Qyeles froBl center) 

1J6k ^fi^^^ ^ne 

l/l6 granular 
1/16 ragged and 
665 l/l6 ooarse 
l/l6 eren & 
1/32 fine grain 
1/32 otipped 
816 fine straottire 
ragged & 
1/8 fine 
Edge flat & 
360 1/32 coarse 
eren & 
1/32 fine 
1/32 ragged & 
fine 



596 



295 



C7oles Ire 



Read 

662 

731 

722 

746 

906 

926 

939 

917 

398 



edge coarse 
3/64 ragged & 
1/64 fine 



177 
295 
404 
406 
424 
489 
199 
91 
363 
335 



33 

'^isractnre 
(Pigares giro 
distance of ridge 
Cyoles from center) 

1/32 Uaeren and 
I/I6 fine 



720 



922 



290 



431 



252 



I/I6 ragged 
3/32 fine 
1/I6 square 
I/I6 fine 
I/I6 ragged 
1/I6 fine 
1/8 square 
fine 
aqtoire 
granular 

1/32 

1/32 fine 

1/32 ragged 

coarse 
square 
coarse 
square 

fine grain 
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BSPBA.TSD STRESS TESTS 



% Carbm 



OYCLBS TO RUPTUBE & CHARACTER OF PTUCTDRB 

a 

.52 
Eraoture 
Cycles Are (Pigares gire 

distance of ridge 
from center) 
I/I6 ragged 
I/I6 fine 
f Sne 

l/e granular 
I/I6 rotgh 
fine 
1/8 Square 
1/8 granular 
I/I6 one edge low 
I/I6 fine 

edge coarse & 253 
granular 310 281 

ragged 
fine 

I/I6 ragged 334 
fine * 310 322 

1/32 ragged 
fine 301 
1/32 regular 312 
1/32 fine 286 299 





Read 


Cyoles 




591 




Vormal 


567 
352 




1* 


360 
451 


475 


Annealed 


387 
507 




It 


406 
307 


439 


Draim at 300^0 


335 
368 




•» •» 300^0 


375 
283 


362 


• » 400^0 


369 
430 




•1 It 400®C 


314 
406 


365 


It It 600*^0 


417 
409 




i« n 600*0 


452 


421 



Cycles Are 

Read Cycles 
500 
504 

562 

655 555 
561 



488 528 



D 

.66 

Fracture 
(Figures gi«re 
distance of rl^ 
from center) 
3/32 smooth 
1/8 fine grain 
edge ragged 
fine 

edge ragged 
granular 
square 
coarse 



1/8 ragged 
granular 



1/8 ragged 

fine 
ragged 
fine 
3/32 ragged 

fine 
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"RSPSkTSD SXRBSS TESTS 



C7CIBS TO BUPTDEB & CHUU.CTER OF FRA.0TT1RE 



Oarlion 



Read 
601 

formal 627 
436 

" 576 

293 

ItmaalecL 339 
342 

309 321 
425 

Draim at 300^0 374 
385 

n N 300^0 515 425 
484 

It •» 400^0 244 
379 

" 400*0 349 364 
431 

•t It 600*0 466 
392 

» « 600*0 437 431 



E 

.eo..9o 

Fraotare 
Cyolea Are (Flgttres gira 

distance of ridge 
Cyeles from oeater) 
l/l6 ragged 

fine 
5/32 ragged 
560 edge fine 
edge flat 

fine 
edge ragged 
ooarse 



Cycles Are 



P 

.10-1.20 
TrAoture 
(Pigares giTe 
dletanae of 



near sqtiare 
edg^^annlar 
3/3^j^guare 
granular 
sqtare, fine 
& granular 

••^ufs^**^ 
coarse in 

1/16 oonrex 
rery f Jne 

1/8 ragged 
fine 



Head 

440 
479 
401 
367 
330 
241 
348 
464 
206 
460 
335 
426 
538 
340 
$35 
412 
259 
282 
338 
260 



Cycles 



422 



346 



357 



406 



285 



om 



enVerj 

edge ragged 
fine 

edge ragged 
fine grain 
1/32 nneaTen 
oenter fine 
3/32 square 
1/8 fine 
1/8 ragged 
1/8 fine 

[/^ll very fine 

1/8 square 

fine grain 

one end flat 
other ragged 
fine grain 
square 

ragged fine 



s 
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TlLTk POB QIPACT TESTS 

ABC Brealcs 
% Carbon .14 .33 .52 ABC 

Hoiaal 1 28*9* 4041' 28014 ♦ I6O351 

Very 

• 2 39017' 14015' 28019' 16*27' fine 

imorphoae Grainy 

Annealed 3 32*14' U035' 280l3' 16024 ' 26013* 2l045' 

Crys. 

* 4 2807' 20O44' 28015' 7052* ^ 

Draw at IgJl 

200OC 5 28018 » 26044' Cijb. 

Draim at Yery I' 

200*C 6 32021' 26044* 260l3' 23*24' fine si 

Drawn at fine 

4000c 9 2808* 1803' grains 

Drawn at fine 

4000c 10 26*19* 16037' CTatmkr 

Drawn at ^ay al> 

SOOOo 7 2808* 27O8* ^rpfioufl" 

Drawn at Crys. 

3000c 8 26013* 27051 growth 

Drawn at 

6000c 11 32O11* I5O43* 32O10* 19O55* 26*19* 6O9* 
Drawn at 

6000c 12 28015* 16019* 

Hardened 13 3209* 2808* 26*11* 26*46* 28*6* 27*14* ajnorphons fine fffiftr- 

»* 14 32*20 * 25*7* » 

Por prlo- ©i ft? <>J--«2 el 9^ S% 
tion Initial Final ^ij^z initial Final gxTBg 

Correotim 

19*40* 19*29* .281 28O7* 27057* .1733 
20*20* 19*30* 1.265 32011* 3IO54* .265 
200l5* 19*39* .920 39*12* 38051* .266 
Ave .819 

BOIABESt A4 did not break. 

B12 

A12 »»•»»» 
It « •» 



a 
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ULTk FOR DIPACT fESTS 

D E F Breaks 

% Carbon .68 .80—90 1.10-1.20 

Jorual 1 28«7» 26®47» 280l8» 26049» 28®18» 27018* ^fns grantilar fln« 



2 28'>12' 26**49' 28*15' 25*56* 28*10* 26056* vlar 



ooarse 



very 



Annealed 3 28*11* 26*48* 19*7* 17*9* 28*14* 27**9* ooarse grains fiS 

gran- t^"^ 

« 4 28*17* 26*42* 28*8* 26*57* 28*12* 27*8* ular •» gSlns 

Brann at fine 

300*0 9 28*8* 25*1* 28*10* 27*10* grains fine 
Drawn at 

300**0 10 28*16* 24*57* 28*16* 27*16* fine HS' 

Drawn at fine grainy 

400*0 7 28*11* 23*18 * 28*13 * 26*25 * 28*13 * 27*8* fge silky ^ 

Drawn at * - grintt- struot- 

400*0 8 28*9 * 23 46 * 28*7 * 27*5* tire 

Drawn at fine 

600*0 11 28*14* 10*35* 28*14* 25*52* 28*12* 27*3* grains 

Drawn at fine fine 

600*0 12 28*16* 20*31* 28*11* 24*40* 28*10* 26*38* oiys. silky 



BBUBSSt D;^ Showed craoks doe to hardening strains. 
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^ carbon 

Hormal 
ft 

" ATerage 

ijinealed 
w 

Dram at 200^0 



IHPAOT ZBS7S 

CORHBOUD ATOIES ABD ERERGT OF ROPTDBE 

A B 
.14 .33 
Boergy of Energgr of 

Initial Final Rupture Initial Final Hoptore 



39"?' 



3206' 



14019* 869 
859 



28*4' 4042' 506 



506 



U039 ' 540 2808 » 18027' 295 

2802' 20048 » 225 

540 260 
28013' 26**49' 56 



" •» 20000 32013' 

It m 2000C!ATe 

n It 600°0 32®3' 

•» 600''c 

w tt eooOQATe 
Hardened 320l' 



26051' 200 2808' 23'*28' 155 
200 105 
I5O47' 511 3202' 200 



32O12' 



28015' 



25^14' 



Are 



511 
150 
257 
203. 



310 

2806' 26051' 52 
"52 
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^ Carbon 
Hormal 

N 

" AT* 

Annealed 
n 

" Are 



CORRBCZED 

Initial 
2809 • 
28**14' 



IMPACT TESTS 
AITQLES ABD ENERGY OF RDPTORE 



28*8 • 
28*^10' 



C 

.52 
Final 
16*38' 
le'^SO' 



21*49 • 
7*55' 



27**11» 



27*8' 



18**6» 



Jtnma at SOO^C 28*3* 

« n 300*C 28*8 » 

•» « 300*C Ave 

n n 4oo*C 28*3' 

ff n 4oo*C 28*14 • 18*40 • 

i» n 400**GAYe 

•t n 600*C 28014 • 
•» 600*C 28**10» 

n It 600*aATe 
Hardened 28*1' 27*17' 



6*10 • 
16*22* 



Energy of 
Rapture 

340 

343 

341 

200 

200 

30 

32 

31 
301 
302 
301 

353 
353 
22 



J> 

•68 

Energy of 
Initial Final Rupture 



28*2* 26*52' 



2807' 



26*54' 



28*6' 26053' 
28*12' 26*47' 



28*6' 23*17' 

28*4' 23*50' 

28*9' 10*37' 

28*11' 20*34' 



39 
40 
39 
89 
45 
42 



154 
142 
148 

242 



Ato 



22 
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IMPACT TESTS 
OORRECTBD AHGLES AUD BHERQY OF HUPTDHE 



18*51' 



% CUurbon 

Initial 
Vonnal 28*^13' 

« 28*10 • 

»» Are 
Annealed 

•t 

" Ave 

Draim at SOO^O 28*3' 
» « 300°C 28°11» 
n It SOO^OAYe . 
tt » 400*0 28*8 • 
H 1. 400*0 
» » 400^CAve 
« n 600*0 28*9' 25*57 < 



E 

.80- .90 
Final 
26*54' 
26*1' 

15*55* 
27*2' 

25*5' 
25*1' 

26*80' 



« tt 600*0 28*6' 
" " 60o'aAYe 



24*44' 



Energy of 
Biqatnra 

72 

40 

50 

67 

32 

52 
107 
110 
108 

52 

52 
122 
72 
97 



P 

1.10-1.20 

Energy of 
Initial Final Btq>tare 

28*13* 27*23' 25 

28*5' 27*1' 34 

30 

28*9' 27*14' 32 



28^7 » 27°13' 



32 
32 



28*5' 27015' 27 



28*11' 27*21' 25 



26 

28*8' 27013' 32 
28*2' 27*10' 30 

31 

28*7' 27*8' 34 
28*5' 26*43' 44 

39 
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The foiregoing thesis is hereby approved as a 
creditable study of an engineering subject, carried 
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